The catalytic subunit of cAMP-dependent protein kinase (cAPK) is susceptible to inactivation by a number of thiol-modifying reagents. Inactivation occurs through modification of cysteine 199, which is located near the active site. Because cysteine 199 is reactive at physiological pH, and modification of this site inhibits activity, we hypothesized that cAPK is a likely target for regulation by an oxidative mechanism, specifically glutathionylation. In vitro studies demonstrated the susceptibility of kinase activity to the sulfhydryl oxidant diamide, which inhibited by promoting an intramolecular disulfide bond between cysteines 199 and 343. In the presence of a low concentration of diamide and reduced glutathione, the kinase was rapidly and reversibly inhibited by glutathionylation. Mutant kinase containing an alanine to cysteine mutation at position 199 was resistant to inhibition by both diamide and glutathionylation, thus implicating this as the oxidation-sensitive site. Mouse fibroblast cells treated with diamide showed a reversible decrease in cAPK activity. Inhibition was dramatically enhanced when cells were first treated with cAPK activators. Using biotin-cysteine as means for detecting and purifying thiolated cAPK from cells, we were able to show that, under conditions in which cAPK is inactivated by diamide, it is also readily thiolated.
The catalytic subunit of cAMP-dependent protein kinase (cAPK) is susceptible to inactivation by a number of thiol-modifying reagents. Inactivation occurs through modification of cysteine 199, which is located near the active site. Because cysteine 199 is reactive at physiological pH, and modification of this site inhibits activity, we hypothesized that cAPK is a likely target for regulation by an oxidative mechanism, specifically glutathionylation. In vitro studies demonstrated the susceptibility of kinase activity to the sulfhydryl oxidant diamide, which inhibited by promoting an intramolecular disulfide bond between cysteines 199 and 343. In the presence of a low concentration of diamide and reduced glutathione, the kinase was rapidly and reversibly inhibited by glutathionylation. Mutant kinase containing an alanine to cysteine mutation at position 199 was resistant to inhibition by both diamide and glutathionylation, thus implicating this as the oxidation-sensitive site. Mouse fibroblast cells treated with diamide showed a reversible decrease in cAPK activity. Inhibition was dramatically enhanced when cells were first treated with cAPK activators. Using biotin-cysteine as means for detecting and purifying thiolated cAPK from cells, we were able to show that, under conditions in which cAPK is inactivated by diamide, it is also readily thiolated.
Cellular conditions are such that protein thiols are typically maintained in their reduced state. The reducing conditions of the cytosol are primarily conferred by the exceedingly large ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG). Despite this reducing environment, the formation of mixed disulfides between protein thiols and glutathione has been observed (1) (2) (3) . Glutathionylation, which is reversible by the actions of the enzyme glutaredoxin (thioltransferase) (4, 5) , may serve as a means of protection by preventing the irreversible oxidation of cysteines to cysteine sulfinic and sulfonic acids.
Several mechanisms of glutathionylation have been examined. Under oxidizing conditions, glutathionylation may occur concurrently with an increase in the amount of GSSG that is able to disulfide exchange with available reactive protein thiols. Although the ratio of GSH to GSSG favors glutathionylation in the endoplasmic reticulum, such a mechanism may not occur in the cytoplasm, as the ratio of GSH to GSSG is unlikely to change significantly under physiological conditions. Alternatively, chemical oxidants such as hydrogen peroxide or diamide can serve as catalysts in promoting the formation of proteinmixed disulfides with glutathione (6) . Finally, nitric oxide may react with glutathione to form S-nitrosoglutathione. S-nitrosoglutathione and its breakdown product, glutathione disulfide S-oxide (7), are highly reactive molecules that can participate in the glutathionylation of proteins (8 -10) .
Glutathionylation of protein thiols can lead to alterations in function. A growing list of enzymes, including a number of phosphatases and kinases such as protein phosphatase 1B (4), protein phosphatase 2A (11) , creatine kinase (12) , and protein kinase C (13, 14) are inhibited upon glutathionylation. Indeed, recent studies that focused on identifying novel glutathionylated proteins have uncovered a surprisingly large number of targets (1, 3) . Such studies suggest that glutathionylation may be a common mechanism of cellular regulation, perhaps acting as a redox, nitric oxide, or reactive oxygen species sensor during normal cellular processes (15) (16) (17) . It is therefore critical to identify and characterize targets of glutathionylation.
The second messenger, cAMP, is produced in response to a number of hormones and neurotransmitters that activate G protein-coupled receptors. The main intracellular receptor of cAMP is cAMP-dependent protein kinase (cAPK), 1 which can phosphorylate a number of substrates upon activation. The downstream targets of cAPK can regulate numerous cellular functions, including glycogen metabolism, cell proliferation, differentiation, and apoptosis. The catalytic (C) subunit of cAPK contains two cysteines at positions 199 and 343, respectively (18) . Cys 199 is located near the active site, interacting with the P ϩ 1 hydrophobic site of cAPK substrates, and is highly conserved among the cyclic nucleotide and calcium phospholipid-dependent protein kinase subfamilies (19) . Although Cys 199 is not directly involved with the catalytic mechanism, modification of this residue with sulfhydryl-modifying agents such as N-ethylmaleimide and Ellman's reagent completely inhibits activity (20 -22) . When bound to either type I or II regulatory (R) subunits, Cys 199 is protected from sulfhydryl modification (23) . Indeed, Cys 199 can form a disulfide bond to RII subunits in the presence of cAMP and the oxidant cupric phenanthroline (24, 25) . The environment surrounding Cys 199 is such that it is readily modifiable at pH 6.5, whereas Cys 343 * This work was supported by National Institutes of Health Grants GM19301 (to S. S. T.) and GM64991 (to K. M. H.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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is modifiable at pH 8.0. Cys 343 , located in the C terminus, lies outside the conserved catalytic core and, as such, sulfhydryl modification of this cysteine has no effect on kinase activity. Based on the reactive nature of Cys 199 at physiological pH and the fact that sulfhydryl modification of this site results in complete enzyme inhibition, we hypothesized that cAPK is likely to be sensitive to sulfhydryl oxidation and is a candidate for glutathionylation-mediated regulation.
EXPERIMENTAL PROCEDURES
Materials-All chemicals and reagents were obtained from Sigma unless otherwise noted.
cAPK C-subunit Purification-The recombinant murine C-subunit of cAPK was expressed and purified as previously described (26) . Isoform III, containing two phosphates, was used for subsequent experiments. The Cys 199 to Ala mutation was introduced as described by Kunkel et al. (27) and purified in the same manner as the wild type C-subunit.
Inactivation of cAPK C-subunit by Diamide and GlutathionylationPrior to diamide treatment, it was necessary to remove 2-mercaptoethanol from the C-subunit environment. Dialysis (SpectraPor, 10,000 molecular weight cutoff) was performed overnight at 4°C into a buffer containing 40 mM KCl and 10 mM KPO 4 , pH 7.2 (Buffer A). Wild type or C199A C-subunit (0.3 mg/ml) was incubated for 10 min at 23°C, pH 7.2, with increasing amounts of diamide (0 -4.0 mM). An aliquot of reaction mixture was then removed and analyzed for activity. Kinase activity was determined spectrophotometrically using a coupled assay system described by Cook et al. (28) . Briefly, C-subunit (75 nM final) was added to a 0.5 ml mixture containing 1.0 mM ATP, 10 mM MgCl 2 , 1 mM phosphoenolpyruvate, 100 M NADH, 6 units of lactate dehydrogenase, and 2 units of pyruvate kinase. The C-subunit substrate, Leu-Arg-ArgAla-Ser-Leu-Gly (Kemptide; 200 M), was then added to initiate the reaction and followed by measuring the consumption of NADH at 340 nm (Hewlett Packard 1587 spectrophotometer) over 60 s. Glutathionylation of the C-subunit was carried out by incubation of the kinase (0.3 mg/ml or 7.5 M) for the indicated times with 100 M diamide and 125 M GSH at 23°C in Buffer A followed by the measurement of kinase activity. For reversal with glutaredoxin (American Diagnostica, Greenwich, CT) following incubation with diamide and GSH, human recombinant glutaredoxin (0.04 mg/ml or 3.3 M final) and more GSH (0.5 mM final) were added. The rate of reactivation was fitted to a one phase exponential association performed using GraphPad Prism version 3.02, GraphPad Software, San Diego, CA.
Analysis of Proteins by Non-reducing SDS-PAGE-After treatment of C-subunit samples with diamide as described, an aliquot of reaction mixture was added to sample buffer. Samples (3 g/well) were then separated by SDS-PAGE (10% polyacrylamide NuPAGE gel, Invitrogen) under non-reducing conditions. Gels were then stained with Coomassie Blue for visualization.
Biotin Labeling of GSH and Detection of Glutathionylated Protein-GSH was labeled with biotin (EZ-Link Sulfo-NHS-LC-Biotin, Pierce) by reacting the primary amine of GSH with N-hydroxysulfosuccinimide (NHS) of biotin. The reaction was carried by adding stoichiometric amounts of NHS-biotin and GSH to PBS (pH 7.5) for 1.0 h at 23°C. Unreacted NHS-biotin was quenched by the addition of 10 mM ethanolamine. The final concentration of GSH-biotin was determined by DTNB. Glutathionylation of the C-subunit was carried out by incubation of the kinase (0.3 mg/ml) with 100 M diamide and 125 M biotin-GSH for 10 min at 23°C in Buffer A. The modified C-subunit (0.5 g/well) was then separated by SDS-PAGE under non-reducing conditions and then transferred to nitrocellulose. Following 30 min of block (5% milk in TTBS), blots were probed with avidin-HRP (1:1000 dilution, Invitrogen), washed 4 ϫ 5 min with TTBS, incubated for 5 min with SuperSignal West Pico Chemiluminescent Substrate (Pierce), and then exposed to HyperFilm (Amersham Biosciences) for 0 -5.0 min.
Inactivation of cAPK by Diamide in C3H/10T1/2 Cells-Mouse fibroblast C3H/10T1/2 cells (ATCC, CCL-226) were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (CellGro). Prior to treatment, cells (ϳ75% confluent) were washed with PBS and then placed in serum-free Dulbecco's modified Eagle's medium. In some experiments, cAPK was activated by the addition of 100 M IBMX, 250 M dibutyryl cAMP (Bt 2 cAMP), and 25 M forskolin to the cells for 10 min at 23°C. Indicated amounts of diamide were then added to the cells for 15 min at 23°C. Cells were then washed with PBS, scraped and collected in 1.0 ml PBS, and pelleted by spinning 5 min at 500 ϫ g. Cell pellets were then resuspended in 0.5 ml PBS and spun again. Pellets were then lysed by resuspending the pellet in 75 l of a buffer containing 150 mM NaCl, 50 mM Tris, pH 7.2, and 1% Nonidet P-40 (Buffer B). After incubating on ice for 10 min, the lysate was spun for 5 min at 9300 ϫ g, and the soluble fraction was collected. Western blot analysis indicated nearly complete solubilization of cAPK under these conditions.
Measurement of cAPK Activity in Cell Lysates-Protein concentrations of cell lysates were determined using Coomassie Blue protein assay reagent (Pierce) with bovine serum albumin as the standard. cAMP-dependent protein kinase activity was determined using the PepTag nonradioactive cAPK assay system (Promega) (29) . For this assay, 7.0 g of total cell lysate was added to the PepTag mixture for the indicated times and then stopped by the addition of the cAPK-specific inhibitor PKI (50 M final). Phosphorylated, fluorescently labeled Kemptide was then separated from non-phosphorylated Kemptide on a 0.8% agarose gel run at 100 V. For quantitation, phosphorylated Kemptide was excised from the gel, solubilized according to Pierce's protocol, and quantitated on a Tecan SAFIRE fluorescent plate reader (540 nm excitation, 590 nm emission). Known quantities of fluorescent Kemptide were used for calibration. All kinase activities were determined to be both cAMP-dependent and PKI-sensitive.
Biotin-Cysteine Labeling of Reactive Thiols in Vivo-Biotin-cysteine was prepared as described previously (1, 30) , with minor modification, by reacting 5.0 mM EZ-Link Sulfo-NHS-LC-Biotin (Pierce) with 5.0 mM cysteine. The reaction was carried out for 1 h at 23°C in PBS, pH 7.5. The reaction was then quenched by the addition of 10 mM ethanolamine. Final concentrations were determined by DTNB at 412 nm, ⑀ ϭ 13,600 M Ϫ1 cm Ϫ1 . Labeling of in vivo proteins was carried out as follows. C3H 10T1/2 cells (100 mm dish, ϳ75% confluent) were washed with PBS, placed in 1 ml of serum-free Dulbecco's modified Eagle's medium, and then incubated with or without 100 M IBMX, 250 M Bt 2 cAMP, and 25 M forskolin for 5 min at 23°C. Cysteine-biotin (0.3 mM final) was then added to the cells for 20 min at 37°C followed by an additional incubation of 15 min at 23°C with or without 0.5 mM diamide. Cells were then washed with PBS, scraped and collected in 3.0 ml of PBS, and pelleted by spinning for 5 min at 1500 ϫ g. Cell pellets were then resuspended in 0.5 ml of PBS and spun again. Cells were then lysed by resuspending the pellet in 0.3 ml of Buffer B. After incubating on ice for 10 min, the lysate was spun for 5 min at 9300 ϫ g, and the soluble fraction was collected. Lysates were then dialyzed overnight at 4°C into Buffer A. Protein concentrations of lysates were then determined, followed by the binding of 0.16 mg protein of each sample to 100 l of immobilized streptavidin (Pierce), which had been previously equilibrated into the same buffer. Binding was carried out for 1 h at 23°C with continuous mixing. Beads were then pelleted with a brief spin and then washed 4 ϫ 0.5 ml of PBS. Proteins that were specifically bound to the immobilized streptavidin through a disulfide linkage were then eluted by incubating the beads for 10 min at 23°C with 50 l of SDS-PAGE sample buffer containing 25 mM DTT. Western blot analysis of eluted proteins was performed by separating the proteins by SDS-PAGE (10% polyacrylamide, NuPAGE gel, Invitrogen). Proteins were then transferred to nitrocellulose, blocked for 1 h at 23°C with 5% milk in TTBS, and then incubated for 1 h with a polyclonal primary antibody (1:10000 dilution) specific for the cAPK C-subunit (31) . Blots were then washed 5 ϫ 5 min with TTBS and incubated with goat anti-rabbit HRP-conjugated antibody (Amersham Biosciences, 1:5000 dilution) for 1 h. Following 3 ϫ 5 washes with TTBS, blots were exposed to SuperSignal West Pico Chemiluminescent Substrate (Pierce) for 5 min and then exposed to HyperFilm (Amersham Biosciences) for 0 -5.0 min.
RESULTS
cAPK C-subunit Is Highly Sensitive to Sulfhydryl Oxidation-Diamide (diazenedicarboxylic acid) is a reagent that preferentially oxidizes small thiol-containing molecules such as glutathione. However, diamide can oxidize exposed cysteines of proteins as well (6) . Experiments were performed to examine the susceptibility of the cAPK catalytic subunit to sulfhydryl oxidation. As shown in Fig. 1A , diamide inhibits cAPK in a concentration-dependent manner. At 4.0 mM, activity is inhibited ϳ90%, with half-maximal inhibition occurring at ϳ0.3 mM. Enzyme inhibition by diamide was through oxidation of sulfhydryls, as demonstrated by the ability of DTT to completely recover activity (data not shown). Cys 199 , although not directly involved with enzyme catalysis, does lie within the activation loop. Modification of this residue by sulfhydryl-modifying reagents leads to enzyme inhibition, suggesting that oxidation of this susceptible residue may be responsible for diamide-induced inhibition. To test this hypothesis, mutant C-subunit containing a cysteine to alanine mutation at position 199 (C199A), was prepared. Fig. 1A demonstrates that the C199A C-subunit was resistant to diamide-induced inhibition even at 4.0 mM.
The above results suggest one of two mechanisms of inhibition. First, diamide may be inducing an intermolecular disulfide bond formation between cysteines 199 and 343. Elimination of Cys 199 prevents internal disulfide bond formation, thus making the protein resistant to diamide. Alternatively, diamide may be inducing intermolecular disulfide bond formation between two different molecules, thereby promoting the formation of dimers and higher order aggregates. To determine the correct mechanism, non-reducing SDS-PAGE analysis of diamide-treated and control protein was performed. Fig. 1B demonstrates that the wild type C-subunit inhibited by diamide displays a small but discrete shift in mobility, running faster than the control protein. This shift is eliminated if samples are run under reducing conditions. Conformational changes induced by an internal disulfide are indicative of such mobility shifts. In comparison with wild type protein, mutant protein displayed no internal disulfide bond formation, as expected. However, diamide treatment did induce nearly a complete formation of a dimer, running at ϳ80 kDa. This result shows that oxidation of Cys 343 (i.e. formation of an intermolecular disulfide bond with another C-subunit) can readily occur but does not affect enzymatic activity.
cAPK Catalytic Subunit Is Readily Modified by Glutathionylation, Resulting in Enzyme Inhibition-The above results
show that the C-subunit is inhibited by diamide-induced oxidation. Because of this result and the known reactive nature of Cys 199 with sulfhydryl-modifying agents such as N-ethylmaleimide and DTNB, we hypothesized that cAPK may be highly susceptible to glutathionylation. To test this hypothesis, the cAPK catalytic subunit was incubated with reduced GSH (125 M) and a low concentration of diamide (100 M) to catalyze thiol oxidation. Under these conditions, diamide and GSH alone had a minimal effect on kinase activity ( Fig. 2A) . However, when the wild type C-subunit was incubated with both diamide and GSH, there was a synergistic effect with rapid and near complete inhibition (12.2% Ϯ 1.4 of control activity) occurring within 10 min. The addition of DTT (20 mM, 10 min) completely reversed inhibition (114.8% Ϯ 4.4 of control activity), suggesting that diamide and GSH are modifying susceptible cysteine(s) on the protein through the formation of a mixed disulfide. Because DTT was able to enhance activity beyond that of the control, it is suggested that oxidation of the kinase readily occurs during storage when the reducing agent is absent. To determine whether inhibition by diamide and GSH occurs through modification of Cys 199 , their ability to inhibit the C199A mutant was examined. As expected, the C199A mutant was completely resistant to inhibition under conditions that promoted inactivation of wild type kinase ( Fig. 2A) . Together, these results suggest that glutathionylation of cAPK catalytic subunit at Cys 199 readily occurs and is sufficient for inhibiting kinase activity. Fig. 2A suggests that S-thiolation of Cys 199 is sufficient for kinase inactivation, it does not rule out the possibility that both cysteines are modified. To determine the stoichiometry of glutathionylation, biotinylated GSH (biotin-GSH) was prepared as (n ϭ 3) . B, samples were incubated with 125 M biotinylated glutathione (Biotin-GSH) and 100 M diamide. Samples were then subjected to modified Western blot analysis performed under non-reducing conditions using avidin-HRP as the probe.
Both Cysteines 199 and 343 Are Glutathionylated-Although
described under "Experimental Procedures." Biotin-GSH (125 M) and diamide (100 M) were able to inhibit cAPK in the same manner as unlabeled GSH (data not shown), and treatment with 20 mM DTT for 10 min completely reversed inhibition. After inactivation, samples were examined by a modified Western blot analysis protocol, using avidin-HRP as the probe. As shown in Fig. 2B , both the wild type and the C199A Csubunit are modifiable by biotin-GSH under the experimental conditions. Densitometric analysis reveals twice as much glutathione associated with the wild type versus the C199A mutant. These results demonstrate that, although modification of Cys 199 is sufficient for inactivation, both cysteines of the Csubunit can be glutathionylated.
Treatment with DTT would expectedly remove biotin-GSH moieties from both modified cysteines. However, Fig. 2B shows that wild type kinase has a significant amount of biotin-GSH bound even after reduction. Furthermore, glutathionylated C199A kinase is largely resistant to DTT reversal. This result suggests that Cys 343 is relatively more resistant to reduction than Cys 199 , but removal of glutathione from the active site of the kinase is sufficient and necessary for reactivation.
Glutathionylation of cAPK Is Reversed by GlutaredoxinGlutaredoxin (Grx), or thioltransferase, is known to specifically reverse protein-glutathione-mixed disulfides by utilizing GSH as an electron donor. Glutaredoxin is therefore a key component of the cellular machinery in maintaining and reversing glutathionylation of susceptible protein thiols (5) . We therefore hypothesized that a glutathionylated C-subunit could be reactivated by Grx in the presence of GSH.
As depicted in Fig. 3A , when the wild type C-subunit was incubated with GSH (125 M) and diamide (100 M) for 12 min, its activity was reduced to 6%. At 12 min, 0.5 mM GSH with or without Grx (3.3 M) was added to the glutathionylated Csubunit. Fig. 3A shows that this concentration of GSH alone had no effect on the recovery of kinase activity. However, in the presence of Grx, restoration of kinase activity was relatively fast. The time course for the reactivation catalyzed by glutaredoxin followed first order kinetics with a k obs of 0.16 Ϯ 0.02 min Ϫ1 . We next wished to demonstrate that Grx and GSH are reversing kinase inhibition by removal of glutathione. For these experiments, C-subunit was incubated with biotin-GSH (125 M) and diamide (100 M) for 10 min, followed by a 30-min incubation with 0.5 mM GSH and Grx (3.3 M) . Biotin-GSH and diamide were able to inhibit kinase activity just as effectively as unlabeled GSH, and glutaredoxin and 0.5 mM GSH were able to reverse this inhibition (not shown). After samples were inactivated with diamide and biotin-GSH, they were analyzed by a modified Western blot analysis protocol using avidin-HRP as the probe. Fig. 3B shows that under conditions of complete reactivation, approximately half of the GSH-biotin remains bound to the wild type kinase (Wild Type, lane 3) . Comparing this to glutathionylated C199A kinase, it can be seen that biotin-GSH is not removed when bound to Cys 343 (C199A, lane  3) . These results therefore demonstrate that Grx reverses glutathionylation of cAPK by selectively removing glutathione from Cys 199 , and this is sufficient for reactivation.
Inhibition of cAPK Activity in C3H/10T1/2 Cells Subjected to
Diamide Treatment-The above experiments clearly demonstrate the susceptibility of cAPK catalytic subunit to oxidation and glutathionylation in vitro. It was therefore of great interest to examine the ability of cAPK to be inhibited within the cellular environment under oxidizing conditions. Again, diamide is a useful tool for such studies. Diamide is cell permeable and, upon entering the cell, preferentially oxidizes glutathione (6) . Cells can tolerate prolonged exposure to high (mM) concentrations of diamide, and oxidation can be reversed.
To determine the ability of diamide to inhibit cAPK activity, mouse fibroblast C3H 10T1/2 cells were exposed to 0.5 mM diamide for 10 min as described under "Experimental Procedures." Following washing and lysis, cAPK activity was then assayed. As shown in Fig. 4A , cAPK activity was minimally affected (25%) by exposure to 0.5 mM diamide under the experimental conditions (control ϭ 268 Ϯ 12 pmol of f-Kemptide min Ϫ1 mg Ϫ1 ; diamide ϭ 200 Ϯ 16 pmol of f-Kemptide min Ϫ1 mg Ϫ1 ). Under normal cellular conditions, the majority of cAPK catalytic subunit is in a tetrameric, inactive form with two C-subunits bound to a dimer of regulatory (R) subunits. In this state, Cys 199 is protected from thiol modification (23) . Thus, we hypothesized that when cAPK is activated and freed from R, the C-subunit would then become much more susceptible to thiolation. To test this, cells were first exposed to a mixture of forskolin, an adenylate cyclase activator, the cell-soluble cyclic AMP analog Bt 2 cAMP, and IBMX, a phosphodiesterase inhibitor. After 10 min of cAPK activation, 0.5 mM diamide was added to the cells, and incubation was continued for an additional 10 min. Fig. 4A shows the striking effect that diamide has on cAPK activity if added to cells after kinase activation. Kinase activity under these conditions was only 14% that of control activity (38 Ϯ 4 pmol of f-Kemptide min Ϫ1 mg Ϫ1 ). To demonstrate that diamide is inhibiting cAPK by reversible thiol oxidation, cells were incubated with kinase activators and diamide as described and then collected and lysed in the presence of 30 mM DTT. Under these conditions, cAPK activity is over 90% recovered (243 Ϯ 12 pmol of f-Kemptide min Ϫ1 mg Ϫ1 ). The effect that diamide has on cAPK activity in 10T1/2 cells may follow a similar mechanism to that shown in Fig. 1 . That is, diamide may be inducing the formation of an intramolecular n ϭ 3) . B, wild type or C199A cAPK was incubated with 125 M biotin-GSH and 100 M diamide for 10 min as indicated to inactivate the kinase. Following biotin-GSH labeling, samples were incubated with Grx and/or 0.5 mM GSH. Samples were then analyzed by modified Western blot analysis using avidin-HRP as the probe. Lanes 1 contain kinase treated with biotin-GSH; samples in lanes 2 were treated with biotin-GSH and diamide; and samples in lanes 3 were treated with biotin-GSH and diamide, followed by reactivation with Grx.
disulfide bond formation between cysteines 199 and 343. To test this, cell lysates were examined by Western blot analysis performed under non-reducing conditions using an anti-C-subunit antibody. As shown in Fig. 4B , under conditions of cAPK inactivation there is no formation of a cysteine 199-cysteine 343 disulfide bond (compare with Fig. 1B ). This result therefore indicates that diamide is likely inhibiting cAPK activity through a mechanism involving the formation of a mixed disulfide between the kinase and a thiol-containing molecule such as glutathione.
cAPK Is Highly Susceptible to S-thiolation upon Activation-A novel technique has recently been described by Eaton et al. (1) that allows for the rapid detection and purification of proteins susceptible to S-thiolation in vivo. Their method utilizes a cell-soluble biotinylated cysteine (biotin-cysteine) that readily forms mixed disulfides with susceptible proteins. The small size of the label aids in membrane diffusion and therefore has an advantage over the use of biotinylated glutathione ethyl ester (15) . Biotinylated proteins can then be rapidly purified using immobilized streptavidin. Using this technique, a number of proteins were identified as being S-thiolated by perfusing rat hearts with biotin-cysteine followed by either perfusion with diamide or following ischemia/reperfusion, a condition of oxidative stress (1, 30) .
For our system, we expected the C-subunit to be readily biotinylated after first being activated and then subjected to oxidation. To test this, C3H 10T1/2 cells were either stimulated with forskolin, Bt 2 cAMP, and IBMX for 5 min at 23°C, or were untreated. Cells were then incubated with biotin-cysteine (0.3 mM) for 20 min and then treated with 0.5 mM diamide. Cells were then washed, lysed, and incubated with immobilized streptavidin. Proteins bound to the streptavidin by a disulfide linkage were eluted by washing with SDS-PAGE sample buffer containing 25 mM DTT. Eluted proteins were then analyzed by Western blot, probing with anti-C-subunit antibody.
As shown in Fig. 5 , the C-subunit did not bind nonspecifically to the streptavidin agarose in the absence of biotin-cysteine (lane 1), nor was there significant binding in the presence of label but the absence of diamide (lane 2). However, in the presence of diamide there is an increased level of biotinylated C-subunit formed (lane 3). This amount is dramatically increased in cells in which cAPK is activated prior to labeling and diamide treatment (lane 4). Thus, under conditions in which cAPK is inactivated by diamide (Fig. 4) , it is also highly susceptible to S-thiolation.
DISCUSSION
The activity of cAPK is regulated at multiple levels. In the absence of cAMP, cAPK is an inactive tetramer consisting of two regulatory (R) and two catalytic (C) subunits. Upon cAMP binding, two active C-subunits are released from an R-subunit dimer. The free C-subunit may then be subject to inhibition by the heat-stable inhibitor PKI (31, 32) . In addition, cAPK activity can be regulated by subtle spatial mechanisms involving subcellular localization via A-kinase-anchoring proteins (AKAPs) (33) and exposure to discrete microenvironments of high concentrations of cAMP (34) . The purpose of this study was to examine another mechanism of cAPK regulation, inactivation by glutathionylation. We hypothesized that the Csubunit is a likely target of glutathionylation based on the fact that it contains a highly reactive cysteine (Cys 199 ) at physiological pH and that modification by sulfhydryl-specific reagents fully inhibits kinase activity.
Experiments performed in vitro demonstrated that the Csubunit is highly susceptible to inactivation by the sulfhydryl specific oxidant, diamide. These results concur with an early study that examined the effects of diamide on cAPK isolated from bovine thyroids (35) . Wild type cAPK readily forms an intramolecular disulfide bond between residues 199 and 343, and this correlated with the loss of enzyme activity. The mutant kinase C199A is resistant to diamide-induced inactivation. Interestingly, C199A readily forms an intermolecular disulfide (Cys 343 -Cys 343 ) between two C-subunits but remains completely active as a dimer.
Previous research has examined the ability of C and R subunits to form interchain disulfide bonds. Studies demonstrated that, in the presence of cAMP, the chemical oxidant cupric phenanthroline induced disulfide bond formation between 37°C (lanes 2, 3, and 4) and then subjected to sulfhydryl oxidation with 0.5 mM diamide for 15 min (lanes 3 and 4) . Cells were then washed, lysed, and incubated with streptavidin-agarose for 1 h at 23°C. The resin was then washed extensively with PBS, and proteins bound through a disulfide linkage were eluted with SDS-PAGE sample buffer containing 25 mM DTT. Western blot analysis was then performed using an anti-C-subunit antibody.
FIG. 6. cAPK is protected from oxidation in the inactive, tetrameric state (RII 2 C 2 ), but is then susceptible to oxidation and glutathionylation upon being activated. Protection against oxidation can also be achieved by reassociation with R subunits or by association with PKI. In the case of RII subunits, reassociation may be facilitated by interchain disulfide bond formation. ROS, reactive oxygen species.
FIG. 7.
Cysteine 199 of cAPK is conserved among a number of kinases. Kinase families are shown according to Hank's classification (39, 40) with conserved cysteines highlighted. The sequence numbering corresponds to cAPKa, and Accession is the GenBank TM accession number.
